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INTRODUCTION
Spatial hearing is an important part of human audition, and has been widely studied in the past few decades [1, 2] . Spatial hearing facilitates localization of sound sources [3] and employs spatial release from masking [4] in the enhancement of source signals. The performance of these tasks by the human auditory system depends on many factors that can be generally divided into three major categories: (i) the spatial complexity of the sound field and the time-frequency characteristics of the sound sources; (ii) the way in which the information from the sound field is transferred to the ears; and (iii) the ability of the binaural hearing system to process and extract the required information.
In the current work we focus on the role of the second category which is represented by the head-related transfer functions (HRTFs). These functions describe the modification of the sound reaching the ears caused by the complex propagation around the human body as a function of source direction. HRTFs help to encode the information from the sound field, e.g. number of sources and their location, into the signals reaching the ear canals. The information is encoded by means of spatial cues that are present in the HRTFs. These cues include interaural phase difference (IPD) and interaural level difference (ILD) which help to localize sounds in the horizontal plane [5, 6] . Localization in the median plane is assisted by spectral cues present in the HRTFs [7] . The binaural cues, i.e. IPD and ILD, also help to separate between signals originating from different spatial locations [8] facilitating spatial release from masking.
There are several studies concerned with the role of the HRTFs and the importance of the spatial cues they provide. But, these are either based on relatively complicated models of the human auditory system [9, 10, 11] or on the manipulation of specific cues [12] . In the current paper, the extent to which human localization and source segregation abilities can be explained by the information delivered by the HRTFs is investigated. The investigation is based on a relatively simple previously proposed measure for the delivered information [13] . This measure does not rely on the extraction of specific cues and utilizes the distribution of singular values of the HRTF matrix. It effectively represents the amount of information as a function of frequency and arrival direction.
The paper is organized as follows. In the next section, a model for accessing the role of HRTFs in the human spatial hearing is proposed and a measure of the HRTF information is described in details. Then, the role of HRTFs in the human sound localization and source segregation is investigated and discussed. A short conclusion and future work follows.
A MEASURE FOR HRTF INFORMATION
The overall performance of the human spatial hearing can be modeled as illustrated schematically in Fig. 1 . In this model, the HRTFs provide a communication channel connecting the FIGURE 1: Schematic illustration of the major contributors to the performance of the human spatial auditory perception. Complexity of the sound field -the parameters of the sound field: number and location of the sources, their properties, reverberation level in a room, etc.; transfer mechanism -HRTFs and the way in which various parameters of the sound field are encoded into the signals; binaural hearing system -the way in which the parameters of the sound field are extracted from the arriving signals by the human hearing system. sound field and the human binaural hearing system. In order to quantify the information passing through this channel we consider the following model of the signals reaching the entrance of the ear canals:
T is a column vector containing the complex pressure amplitudes at the entrance to the left p l (·) and the right p r (·) ear canals at several selected
. Based on the above model, the information delivered by the HRTFs, from the sources in the sound field to the two ears, is quantified by the effective rank of the HRTF matrix [13] :
In equations (2) and (3) the sequence {σ n } q n=1 denote the singular values of H and it is assumed that there are q non-zero singular values meaning that q = rank{H}. A very similar definition of effective rank of a matrix originally appeared in the paper by Roy and Vetterli [14] . This quantity measures the effective dimensionality of the range space of a matrix. Projecting this idea onto the model in (1), the effective rank provides the means for quantification of the effective dimensionality of the signals reaching the entrance to the ear canals.
In order to illustrate the idea consider a sound field produced by D sound sources located at directions {Ω j }
D j=1
as suggested by the model in (1) . In this case, the sound field is described by
which are the complex amplitudes of the sources. The effective rank of H is a continuous real number bounded by 1 ≤ R(H) ≤ q ≤ D providing the effective dimension of the signals at the entrance to ear canals. This also suggests that the units of R(H) are dimensions and will be denoted by [dim] in the subsequent discussion.
In this paper, the measure described above is utilized in two different ways. By measuring the information delivered by the HRTF matrix containing the responses to closely spaced source directions within a well defined directional region, one can quantify the amount of information transferred from that specific region. This can be compared to the human localization performance expected for sound sources in this region, expressed by the minimum audible angle (MAA) or the standard deviation of the responses in a psycho-acoustic localization experiment. Another possible use of the measure is to calculate the amount of information transferred by the HRTFs from two or more sources, typically positioned well apart in space. This provides an estimate of spatial information delivered to the human auditory system for segregation of these sources. This information can be comparable to the decrease (improvement) in speech reception threshold (SRM), as measured in listening tests. In the following sections these approaches are used in order to investigate the role of the information delivered by the HRTFs in the human localization and spatial source segregation abilities.
HRTF INFORMATION AND SOUND LOCALIZATION
In this section, the measure described above is utilized in order to study the information provided by the HRTFs and its relation to the human sound localization ability. The spherical coordinate system presented in Fig. 2 is used with θ and φ denoting elevation and azimuth, respectively. We also define horizontal and vertical displacements. Vertical displacement is measured along elevation for constant azimuth. Horizontal displacement is measured on an arc of a great circle perpendicular to the vertical displacement. An example of vertical and horizontal displacements for an arbitrary direction (θ, φ) is indicated in Fig. 2 . As a source of the human localization performance data, the results of a psycho-acoustic experiment reported in [15] are used. In this experiment the subjects were asked to localize sound stimuli with flat amplitude spectrum in the range of 1.8 − 16 kHz. The localization performance, represented by the standard deviation about the mean response, was measured for a large number of source positions in the elevation range of 45
• − 135
• . The standard deviations obtained in this experiment in the horizontal and vertical dimensions are reported separately.
FIGURE 2:
The spherical coordinate system used in the current study. An example of horizontal and vertical displacements is also indicated.
In this section, the calculations of the HRTF information were based on the HRTF database obtained as a part of SEACEN project funded by the German Research Foundation (DFG), SEA-CEN Research Unit (FOR 1557). This database contains the HRTFs measured using FABIAN manikin [16] . The HRTFs are obtained for 11345 different source positions in the elevation range 0
• − 154 • with increments of 2 • . The azimuthal increment was varied with a minimum of 2 • in the horizontal plane. For this paper, the database was interpolated in order to obtain the HRTFs for any given arrival direction. The interpolation was based on the calculation of the Spherical Fourier Transform (SFT) coefficients of the data at a given frequency. The coefficients were obtained in a least squares sense with diagonal loading. Then, the coefficients were utilized in order to calculate the HRTF at a desired direction using the inverse SFT. For additional details see [17] .
The effective rank was calculated for a mesh of points over the unit sphere with increments of 2.8
• and 3.6
• in θ and φ directions, respectively. The mesh extends up to 140
• in elevation in order to avoid interpolation errors at the edge of the measured data provided by the SEACEN HRTF database.
For a given arrival direction (θ, φ) the horizontal and vertical information delivered by the HRTFs were calculated separately. This is in order to be comparable to the horizontal and vertical standard deviations reported in the listening experiment [15] . The horizontal information for a given arrival direction (θ, φ) was calculated as the effective rank of the HRTF matrix containing 10 arrival directions distributed uniformly in the horizontal dimension covering the range of ±10
• . Similarly, the vertical information for a given arrival direction (θ, φ) was calculated as the effective rank of the HRTF matrix containing 10 arrival directions distributed uniformly in the vertical dimension covering the range of ±10
• .
The comparison between the information delivered by the HRTFs and the localization performance reported in [15] is presented in Fig. 3. In figures 3.a and 3 .b, the azimuth is limited to 0
• − 180
• because the results of effective rank calculations were approximately symmetric about the sagittal plane. In figures 3.c and 3.d the same azimuthal range is presented because the results reported in [15] were averaged across the left and the right hemispheres. It should be noted that in [15] a double-pole coordinate system was used to specify the directions of the sound source. Here, the results reported in [15] are transformed into the above described spherical coordinate system in order to facilitate the comparison. From Fig. 3 .c it can be seen that the horizontal localization performance reported in [15] is maximal (the error is minimal) at zero azimuth and decreases for higher azimuths. In addition, the localization performance in the horizontal dimension is approximately independent of elevation. These findings are partially consistent with the information delivered by the HRTFs plotted in Fig. 3 .a. It can be seen that the information is maximal (predicting maximal performance) at the frontal midline decreasing towards φ = 90
• . It can be also seen that the information is relatively independent of elevation. However, the information increases towards φ = 180
• in contrast to the decreasing localization performance reported in [15] . The high information delivered by the HRTFs from backwards directions is consistent with the symmetry of the IPD and the ILD cues relative to the frontal plane [6, 18] . The decreasing localization performance can be par-tially referred to the response measure employed in [15] , which was head pointing towards the perceived sound direction while seated. Source directions requiring larger movements from the start position, which was head pointing forward, may result in greater errors. However, the results of additional psycho-acoustic experiments based on different response measures [19, 20, 21] also show a qualitative decrease in localization ability from behind. Thus, it is possible that, although the information for localization is delivered from this directions, the human binaural processing system does not use it to the full extent because it may not be interested in precise localization from behind.
By comparing the information in the vertical and the horizontal dimensions (figures 3.a and 3.b) it can be observed that for low azimuths the information in horizontal dimension is higher than in vertical dimension. The opposite is true for more lateral directions, i.e. near φ = 90
This is consistent with the localization errors reported in [15] (see figures 3.c and 3.d), where near the frontal midline the errors in vertical dimension could be 2.5 times greater than those in horizontal dimension, while at larger azimuths the errors tended to be larger horizontally than vertically.
An additional observation that can be made by considering Fig. 3 .b is that for lateral directions near φ = 90
• the information for localization increases towards the poles, i.e. θ = 0 • , 180
The measurements reported in [15, 19, 22] do not cover these regions. However, a general trend of decreasing localization performance away from the horizontal plane can be observed in Fig 3. d, which is in contrast to the information delivered by the HRTFs. Assuming spherical head model the dependence of IPD and ILD on vertical displacement at the vicinity of the pole (θ, φ) = (0
is expected to be similar to their dependence on horizontal displacement in the vicinity of frontal direction (θ, φ) = (90
Thus, it is possible that the information reported here in the vicinity of the pole is derived mostly from the binaural IPD and ILD cues which can be ignored by the human auditory system for the localization in this region. This will be further examined in future work.
HRTF INFORMATION AND SOURCE SEGREGATION
It is generally known that source segregation ability improves with increasing spatial separation between the sources [4] . Here, extent to which the improvement of performance due to spatial release from masking can be explained by the information delivered by the HRTFs, is investigated. For this purpose the HRTF information is compared to the results of two psychoacoustic experiments reported in [23, 24] . In this section, the calculations of the HRTF information are based on the LISTEN HRTF database [25] . This database has lower spatial resolution than SEACEN HRTF database, but it contains the HRTFs measured for 50 different subjects allowing more robust comparison.
Source in Front, Masker Position Varied
In one of the experiments reported in [23] , the improvement in speech reception threshold (SRT) was measured for several simulated spatial arrangements. The simulations were carried out using the HRTFs obtained by measurements in an anechoic chamber for a representative human subject. In the simulated spatial arrangements the source was located in front of the subjects and the position of the masker was varied. The masker was positioned in the horizontal plane at several azimuths including {0
• ,30
• ,60
• ,75
• ,90
• , 105
• , 120
• , 150
• , 180
• }. The target source and the masker were speech signals.
The improvement in SRT reported in [23] is partially due to the interaural phase and level differences encoded by the HRTFs into the arriving signals. These cues are different for the target source and the masker and depend on their positions. The information for the segregation of the source and the masker delivered by the HRTFs can be quantified by calculating the effective rank of the HRTF matrix consisting of two columns: the first column describing the response from frontal direction (90 
FIGURE 4:
Comparison of the improvement in SRT as a function of azimuthal masker position with the target source located in front of the subjects [23] , to the information delivered by the HRTFs measured using the effective rank measure. The effective rank was averaged over all 50 subjects of the LISTEN database.
It can be seen that in the azimuth range of 30
• there is a considerable improvement in the SRT which is predicted by relatively high information delivered by the HRTFs. The information decreases when the masker approaches 180
• which is consistent with the decreasing improvement in the measured SRT in this range. The improvement in SRT for φ = 30
• is expected to be higher considering the high amount of information delivered by the HRTFs in this spatial arrangement. However, spatial release from masking is a complex phenomenon that in addition to spatial information, utilizes time and frequency characteristics of the signals. This is demonstrated in [23] by the considerable variation in the measured performance at the same spatial arrangement for different types of source/masker combinations. Hence, spatial information alone may not be sufficient to describe the behavior accurately.
Spatial Separation: Source and Masker Positions Varied
In the experiment reported in [24] the subjects were asked to identify non-speech signals constructed from several pure tones in various arrangements. The decrease in sound pressure level (SPL) required for 60% correct identification was measured in the presence of a wideband noise (0.2-6.5kHz) as a function of azimuthal separation between the desired source and the masker. The locations of the source and the masker were randomly selected from the set {−90
• , −60 • , ..., 60
• }. In order to evaluate the information available for this task, we calculated the effective ranks of the HRTF matrices containing two arrival directions which were chosen from the same set. Results for the same spatial separation were averaged over all possible combinations. The comparison between the experimental results and the information delivered by the HRTFs is presented in Fig. 5 .
It can be seen that the delivered information predicts the increase in performance with increasing azimuthal separation. Moreover, separations greater than about 90
• do not contribute considerably to the delivered information. The results of psycho-acoustic measurements show a similar behavior starting from about 120
• . 
FIGURE 5:
Comparison between the information delivered by the HRTFs and the decrease in sound pressure level required for correct identification reported in [24] . The comparison is performed as a function of azimuthal separation between the source and the masker. The effective rank is averaged over all 50 subjects of LISTEN HRTF database.
CONCLUSION
The relations between the information delivered by the HRTFs and the performance of the human auditory system was examined. Two different spatial tasks were considered: (i) sound localization and (ii) source segregation. It was demonstrated that the human horizontal localization performance in the frontal hemisphere follows the amount of information delivered by the HRTFs. However, the information delivered from backward directions seems not to be used to the full extent by the human binaural processing mechanism. For the source segregation task the results generally show that improvement in the performance of the human auditory system as a function of the azimuthal separation between the desired source and the masker, can be explained to some extent by the amounts of information delivered by the HRTFs.
